This review describes recent studies on the synthesis and characterization of new polynuclear ruthenium-tin cluster complexes, their conversion to heterometallic nanoparticles, and some studies on their applications as catalysts for the hydrogenation of unsaturated organic molecules of commercial interest.
Introduction
There has been great interest in the use of tin as a modifier for transition metal-based catalysts. Platinum-tin nanoparticles supported on alumina are widely used as dehydrogenation and aromatization catalysts in the process of petroleum reforming (Dautzenberg et al. 1980; Burch 1981; Burch & Garla 1981; Srinivasan & Davis 1992; Cortright & Dumesic 1994; Fujikawa et al. 1998; Park et al. 1998; Epron et al. 2005) . Nickel-tin catalysts have recently been shown to remove hydrogen catalytically from biomass materials (Cortright et al. 2000; Huber et al. 2003; Shabaker et al. 2005; Guidotti et al. 2006) . The use of tin as a modifier in hydrogenation catalysis has been less studied, but recent studies have shown that the mixing of tin with transition metal catalysts can produce substantial improvements in product selectivities without major losses in activity (Yoshikawa & Iwasawa 1995; Hermans & Johnson 2000; Mallat & Baiker 2000; Gerstosio et al. 2001; Hermans et al. 2001; Jerdev et al. 2002; Johnson et al. 2002; Thomas et al. 2003; Adams et al. 2007c Adams et al. , 2008b Ruiz-Martinez et al. 2007) . Tin ligands have also been shown to modify the selectivities of transition metal catalysts under homogeneous conditions (Coupé et al. 2000; Rocha 2004; Choudhury & Roy 2008) .
Some of our recent studies have been focused on the synthesis and chemical properties of ruthenium carbonyl complexes containing tin ligands. In preliminary studies we have found that some of these complexes serve as precursors to *Author for correspondence (adams@chem.sc.edu).
One contribution of 13 to a Theme Issue 'Metal clusters and nanoparticles '. This journal is © 2010 The Royal Society nanoscale heterogeneous RuSn catalysts that exhibit high selectivity for the hydrogenation of cyclododecatriene (CDT) . In this review we will summarize aspects of these recent studies and their prospects for the future.
Much of our synthetic work has been focused on the use of phenyl-containing stannanes, particularly the more stable ones, Ph 3 SnH and Ph 2 SnH 2 , in order to synthesize new ruthenium carbonyl complexes containing phenyl tin ligands. Stannanes are valuable for this purpose because the Sn-H bond readily reacts with transition metal atoms by oxidative addition to yield metal-tin complexes containing hydrido ligands (e.g. equation (1.1); Clark et al. 1988) .
Pt[P(C 6 H 11 ) 3 ] 2 + Ph 3 SnH SnPh 3 Pt H P(C 6 H 11 ) 3 P(C 6 H 11 ) 3 (1.1)
Reactions of Ru(CO) 5 with di-and triphenylstannane
Metal carbonyls are attractive reagents for stannanes because CO is a good leaving group. Most metal carbonyl complexes obey the 18 electron rule and so they must lose a CO ligand before the oxidative addition of a Sn-H bond to the metal atom can occur. For example, Ru(CO) 5 reacts cleanly with Ph 3 SnH to give the stable stannyl hydride complex Ru(CO) 4 (SnPh 3 )H, 1 in 49 per cent isolated yield (equation (2.1); Adams et al. 2007b) . Compound 1 is six-coordinate and has a pseudo-octahedral geometry with the hydrido ligand and triphenylstannyl ligand in cis-related coordination sites. Our studies have shown that this reaction proceeds via a photo-induced elimination and re-addition of CO. It is proposed that after the CO elimination step, the Ru-H bond of the remaining HRu(CO) 4 group adds to the Ru atom from which the CO was eliminated to form the Ru-Ru bond and then H 2 is reductively eliminated from the intermediate HRu 2 (CO) 7 (m-SnPh 2 )(m-H), A when the CO is re-added.
Reactions of Ru 3 (CO) 12 with triphenylstannane
The addition of stannanes to triruthenium carbonyl complexes has more scope. Cabeza has reported that the Bu 3 SnH is oxidatively added to the aminopyridinebridged, ampy, triruthenium cluster complexes, Ru 3 (CO) 9−n (PPh 3 ) n (m 3 -ampy) (m-H), n = 1-3 (Cabeza et al. 1992) (Cotton et al. 1967) . Our studies have been focused on the reactions of Ph 3 SnH with Ru 3 (CO) 12 and its NCMe derivative Ru 3 (CO) 10 (NCMe) 2 .
We obtained the interesting triruthenium-tritin product Ru 3 (CO) 9 (SnPh 3 ) 3 (m-H) 3 , 5 in a low yield from the reaction of Ru 3 (CO) 12 with Ph 3 SnH at 97
• C under a nitrogen atmosphere. The yield was increased to 44 per cent and a low yield of the new compound Ru 3 (CO) 9 (m-SnPh 2 ) 3 , 6 was obtained when the reaction was performed under an atmosphere of hydrogen (equation (3.1); Adams et al. 2008a) . Burgess et al. 1985) . 3 , 10 were obtained from the same reaction in CH 2 Cl 2 solvent (equation (3.4) ; Adams et al. 2008a) . Compounds 8 and 10 were converted to their all carbonyl forms 9 and Ru 3 (CO) 9 (SnPh 3 ) 3 (m-H) 3 , 5 by treatment with CO to replace the NCMe ligands. As was observed with 5, the SnPh 3 ligands in 9 can be transformed into bridging SnPh 2 ligands by mild heating and elimination of benzene to give the new compound Ru 3 (CO) 9 (m-SnPh 2 ) 2 , 11 (equation (3.5); Adams et al. 2008a ). Adams et al. 2007c) . For clarity, the CO ligands in equation (4.1) and thereafter will be shown only as lines emanating from the ruthenium atoms to which they are attached. In this reaction the tetrahedrally shaped Ru 4 cluster of the Ru 4 (CO) 12 (m-H) 4 reagent was converted into a square planar structure (Adams et al. 2007c) . Each of these new ruthenium-tin cluster complexes contains two quadruply bridging SnPh stannylyne ligands on each side of the Ru 4 square plane to produce an octahedrally shaped Ru 4 Sn 2 cluster. To form the SnPh ligand two phenyl rings had to be cleaved from the Ph 3 SnH and be eliminated. Note that the stannyl hydrogen atom and all of the hydrido ligands from the Ru 4 (CO) 12 (m-H) 4 reagent were also eliminated in the course of this reaction. To form compounds 13-15 four of the CO ligands of 12 were sequentially replaced by SnPh 2 ligands that bridge Ru-Ru edges of the Ru 4 square. Compound 15 contains four edge-bridging SnPh 2 ligands. Compounds 19 and 20 were formed by the loss of one and two CO ligands from 17 and the corresponding addition of one and two equivalents of Ph 3 SnH to the Ru 5 cluster (Adams et al. 2002) . Both contain square-pyramidal Ru 5 clusters with one and two SnPh 3 groups, respectively (equation (5.2)). In 19 the SnPh 3 ligand is coordinated to one of the ruthenium atoms in the base of the square pyramid. In 20, there is a SnPh 3 ligand in the base of the square pyramid and one in the apical Ru position too. The hydrogen atoms from the Ph 3 SnH reagent became hydrido ligands and are bridging Ru-Ru bonds between the apex and base of the Ru 5 square pyramid in both 19 and 20. There was no evidence of the formation of stable open cluster complexes in this reaction, as was found in the reaction of 16 with Ph 3 SnH. Interestingly, at 68
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• C, compound 19 is slowly converted to the new compound Ru 5 (CO) 11 (C 6 H 6 )(m 4 -SnPh)(m 3 -CPh), 21 with loss of benzene and a shift of one of the phenyl groups from the tin ligand to the carbido carbon atom to form a triply bridging benzylidyne ligand and the tin ligand is transformed into a quadruply bridging SnPh stannylyne ligand as found in the complexes 12-15 (figure 1).
The reactions of 16 and 17 with an excess of Ph 3 SnH at 127
• C yielded products formed by the addition of four and five tin ligands. Ru 5 (CO) 10 (SnPh 3 )(mSnPh 2 ) 4 (m 5 -C)(m-H), 22 was the major product obtained from the reaction of 16 with Ph 3 SnH (Adams et al. 2002) . Compound 22 contains five tin ligands. Adams et al. 2002.) Four of these are SnPh 2 ligands that bridge the four edges of the base of the Ru 5 square pyramidal cluster (figure 2). The fifth tin ligand was a SnPh 3 group that was terminally coordinated to one of the ruthenium atoms in the base of the square pyramidal cluster. The SnPh 2 groups were formed by the cleavage of one phenyl ring from the Ph 3 SnH. This phenyl ring was combined with the hydrogen atom and was eliminated as benzene. The reaction of 17 with an excess of Ph 3 SnH at 127
• C led to formation of the complexes Ru 5 (CO) 8 (m-SnPh 2 ) 4 (C 6 H 6 )(m 5 -C), 23 and Ru 5 (CO) 7 (mSnPh 2 ) 4 (SnPh 3 )(C 6 H 6 )(m 5 -C)(m-H), 24. Compound 23 is similar to 22 but has only four tin ligands which do bridge the base of square-pyramidal Ru 5 cluster and a C 6 H 6 ligand that is coordinated to the apical Ru atom of the cluster in the place of the three CO ligands in 22. Compound 24 is analogous to 22 except for the C 6 H 6 ligand that is coordinated to the apical Ru atom. When treated with CO at 45 atm, compound 24 was converted to 22 by replacement of the benzene ligand by three CO ligands.
The reaction of Ru 6 (CO) 14 (C 6 H 6 ) (m 6 -C), 25 with Ph 3 SnH yielded the hexaruthenium cluster complex Ru 6 (CO) 13 (C 6 H 6 )(m-SnPh 2 )(m 6 -C), 26 by loss of CO and the elimination of benzene from the Ph 3 SnH ( figure 3 ; Adams et al. 2003) . Compound 26 contains a SnPh 2 ligand that bridges a Ru-Ru bond cis to the coordinated benzene ligand. Efforts to introduce more than one Sn ligand into The reaction of the phosphine-substituted dihydrido PtRu 5 cluster complex PtRu 5 (CO) 14 (PBu 
Formation of some selective heterogeneous nanoscale hydrogenation catalysts from ruthenium-tin complexes
There is now considerable evidence showing that mixed metal cluster complexes can serve as precursors to bi-and multimetallic nanoscale particles that can function effectively as heterogeneous catalysts when placed on suitable supports (Braunstein & Rose 1998 , 1999 Hermans & Johnson 2000; Hermans et al. 2001; Johnson et al. 2002; Thomas et al. 2003) . Accordingly, efforts were made to investigate the potential of these new ruthenium-tin complexes to serve as precursors to nanoscale heterogeneous catalysts. For these studies, the Davison 923 (38 Å) silica mesopore was selected as the support and compound 4 was used as a catalyst precursor.
Compound 4 was deposited onto the silica mesopore from solution. After removal of the solvent, the silica was heated to 200
• C under vacuum to remove the CO ligands and phenyl rings. High-angle annular dark field (HAADF) highresolution scanning transmission electron microscopic (HRSTEM) images of the silica particles showed the formation of RuSn 2 nanoparticles in the size range of 1-2 nm on the silica (figure 5). The RuSn 2 composition of the nanoparticles was confirmed by energy-dispersive X-ray emission spectroscopy. Compounds 6, 12, 13 and 15 were similarly converted to RuSn nanoparticles. The Ru/Sn compositions of the nanoparticles were very similar to those of the precursor complexes. HAADF HRSTEM images of these nanoparticles obtained from 6 and 15 are shown in figures 6 and 7. The nanoparticles obtained from 4 and 6 were very similar. The particles obtained from 15 were among the smallest that were formed. It is believed that the oxophilic character of the tin helps to anchor the particles to the silica and inhibits aggregation/sintering. The catalytic activity of these RuSn nanoparticles was investigated by R. Raja at the University of Southampton for the selective hydrogenation of CDT (equation (6.1)). CDT is readily prepared on a large scale by the catalytic cyclotrimerization of butadiene (Breil et al. 1963) . The double bonds in CDT are easily hydrogenated by transition metal catalysts. Most simple catalysts readily hydrogenate all three double bonds to give cyclododecane (CDA) as the final product. However, it is difficult to transform this saturated product into more useful chemical products. By contrast, the lone C-C double bond in the monoene cyclododecene (CDE) is easily cleaved and functionalized and can be used to produce a variety of C 12 products including detergents and precursors to nylon-12. CDE is therefore the more desirable product. The challenge is how to produce catalysts that selectively hydrogenate only two of the three C-C double bonds in CDT.
The initial investigations of these new tin-containing nanocatalysts show that they do that fairly effectively (Adams et al. 2008b) . In some of the first tests the bimetallic nanocatalysts PtSn 2 , RhSn 2 and RuSn 2 were compared with nanoparticle catalysts derived from the pure metals, Pt, Rh, Ru and Sn. The latter were the control tests. The bar chart shown in figure 8 compares the results of each of these catalysts. All tests were performed for a period of 8 h at 100
• C and 30 atm pressure of H 2 under solvent-free conditions. Based on the conversions, it can be seen that all of the catalysts except pure Sn exhibit high and similar activity. Rh and RhSn 2 have the highest activity of all. CDA is the principal product of the pure metals platinum, rhodium and ruthenium. By contrast, the selectivity for the monoene CDE is very high, more than 75 per cent, for all three tin-containing bimetallics and the RuSn 2 has the highest selectivity of all, approximately 90 per cent. Interestingly, the activity of the bimetallic catalysts, as represented by the amount of conversion, is comparable with that of the pure metals. Clearly, the hydrogenation of the third and final double bond of CDT to form CDA is much slower when the transition metals are combined with tin. The reason for this is not clear at this time, but it is suspected that the binding of the monoene CDE to the catalyst may not be as strong as that of the polyenes, CDT and 1,5-cyclododecadiene (CDD), when the tin is present and thus that the hydrogenation of the CDE does not take place as readily. Perhaps, the bimetallics have fewer effective olefin-binding sites.
To investigate the effects of tin on the reaction selectivity further, the hydrogenation of CDT by RuSn nanoparticles derived from compounds 6, 12, 13, 15, 28 and [Ru 6 C(CO) 16 SnCl 3 ]
− was also investigated. All tests were performed for a period of 8 h at 100
• C and 30 atm pressure of H 2 in the absence of a solvent. These results are shown in figure 9 . The activity of these RuSn catalysts was slightly lower than that of those shown in figure 8, but selectivity for CDE was very good and improved slightly with the increasing proportions of tin. The Ru 4 Sn 6 catalyst derived from 15 had the best selectivity of all.
In this series of tests, trimetallic PtRu 5 Sn nanocatalysts derived from 28 were also investigated. The PtRu 5 Sn catalyst exhibits significantly higher activity than all of the RuSn catalysts (greater than 50% conversion). This is probably because Hungria et al. 2006.) of the presence of the platinum, but this catalyst also has lower selectivity for the CDE as a considerable amount of CDA was also formed. The catalytic hydrogenation of dimethylterephthalate (DMT) to 1,4-cyclohexanedimethanol (CHDM) is another important industrial reaction (scheme 1). CHDM is a valuable reagent for the synthesis of copolymers (Turner 2004) . Industrially, the hydrogenation of DMT is performed in two steps. The first step involves hydrogenation of the aromatic ring using a palladium catalyst to form the compound dimethylhexahydroterephthalate (DMHT). The second step involves reduction of the ester groups of the DMHT.
A number of years ago, Raja et al. showed that Ru 6 Sn and PtRu 5 nanoclusters could perform this reaction in a single step under milder conditions than the commercial process; however, the conversions and yields were not particularly good . In recent collaborative studies with Thomas and Raja, we have tested this reaction further by using new trimetallic catalysts, PtRu 5 Sn and PtRu 5 Ge, derived from 28 and its Ge homologue (Hungria et al. 2006) . The results of these tests and a comparison of them with those of the previously studied Ru 6 Sn and PtRu 5 catalysts are shown in figure 10 . The catalytic activity was studied under solvent-free conditions at 373 K and 20 bar of H 2 over a period of 24 h. The PtRu 5 Sn catalyst exhibits by far both the highest activity and best selectivity for CHDM of all of these catalysts. The PtRu 5 Ge catalyst was not particularly effective. An HRSTEM investigation of the PtRu 5 Ge catalyst showed that the nanoparticles were not well formed; they were comparatively large in size and there were relatively few of them. By contrast, the PtRu 5 Sn nanoparticles were very small (1-2 nm), highly dispersed and possessed the same PtRu 5 Sn metallic composition as the molecular precursor 28, both before and after catalysis. The poor catalytic activity of the PtRu 5 Ge is thus attributed in large part to the poor physical quality of the PtRu 5 Ge catalyst. It is probable that the superior catalytic properties of the PtRu 5 Sn catalyst are due in part to the very small and durable character of the trimetallic nanoparticles.
Characterization of Ru 3 Sn 3 clusters deposited on an ultrathin silica surface
The HRSTEM investigations of the RuSn nanocatalysts showed nanoscale particles that were significantly larger in size than the molecular precursors from which they were derived. During the course of these measurements, it was observed that the particles actually moved about on the silica surface and grew in size as the observation time increased. It is known that the high energy of the HRSTEM electron beam can modify samples during the course of the observations (Wallenberg et al. 1985 Smith et al. 1986 ). To try to obtain a better analysis of the character of the RuSn particles derived from our molecular precursors, efforts were made to image them by Highresolution scanning tunnelling microscopy (HRSTM). This work was performed in collaboration with Prof. D. W. Goodman and Dr F. Yang at Texas A&M University. The advantage of the HRSTM technique is that it employs very low voltages for the imaging current, i.e. 2.0 V or less. These low voltages should produce no more than the slightest, if any, changes in the 'as prepared' sample, but because the voltages used in the STM measurement are so low, the sample must have relatively good electrical conductivity and special electrically conducting supports are routinely used. For our experiments, a very thin layer of SiO 2 , no more than a monolayer, was deposited on a single crystal of molybdenum metal cut in order to have its (112) face exposed to the surface. A solution of compound 4 was applied to this SiO 2 /Mo(112) support. The solvent was allowed to evaporate and the sample was then heated to 200
• C under vacuum to remove the ligands. A series of STM images of the resulting surface are shown in figure 11 (Yang et al. 2008) . Figure 11a shows a low-resolution image containing a number of small white triangular shapes. These are believed to be the metal atoms (unresolved) of the triangular Ru 3 Sn 3 residual clusters of 6. A higher resolution image is shown in figure 11b . In this image the six individual metal atoms are beginning to be resolved in the orange triangle shown in the upper central portion of the figure. Figure 11c shows a computer-enhanced image of the orange shape shown in figure  11b in which the metal atoms are shown in white. A peak height scan across the metal atoms (figure 11b) showed that the outer peaks were slightly larger than the inner peaks and that is consistent with the assignment of the outer atoms as Sn and the inner atoms as Ru, which is exactly the same arrangement of the metal atoms found in the cluster of the precursor complex 6.
The STM images suggest that the supported clusters derived from these molecular precursors are probably no larger than the clusters of the precursor molecules themselves when the ligands are thermally removed at a low temperature (e.g. 200
• C or less). Knowing the structures of the supported nanoclusters will be a key step towards developing an understanding of their reactivity in the catalytic reactions. 
Prospects for future studies
There are a wide variety of industrially important organic transformations that could benefit from improved catalytic selectivity and efficiency (Parshall & Ittel 1992) . The addition of modifiers, dopants and promoters to conventional catalysts has been a popular and successful method for improving selectivity in the field of heterogeneous catalysis for many years (Mross 1983; Kiskinova 1988; Xu & Koel 1994) . As catalyst materials move further towards the nano-and molecular-size regimes, even greater control of their activity will emerge that will result in still greater improvements in efficiency (Alexeev & Gates 2003; Guzman & Gates 2003; Thomas et al. 2008) . The use of bi-and multimetallic molecular complexes as precursors to new nano-sized heterogeneous catalysts is attracting greater interest and will ultimately permit far greater control of the composition of the catalysts. Ultimately, one may be able to create stoichiometrically precise multimetallic heterogeneous catalysts routinely. While much of the work described herein has been focused on rutheniumtin complexes and catalysts derived from those complexes, we have also found that Ph 3 SnH and Ph 2 SnH 2 are good reagents for the formation of tin-containing polynuclear metal cluster complexes of other precious metals including rhodium (Adams et al. 2004) , osmium (Adams et al. 2007d) , iridium (Adams et al. 2004) and platinum (Adams et al. 2008b) . We believe that there is considerable potential for the synthesis of a wide range of new bi-and trimetallic cluster complexes containing tin and many of these new complexes will serve as precursors to new stoichiometrically precise nanoscale transition metal-tin heterogeneous catalysts. Not only does the introduction of tin improve the selectivity of the catalysts for certain reaction products, but far less of the expensive precious metal component is required simply because it is diluted with the less expensive tin component (Adams et al. 2008b) .
